BACKGROUND: Propionate accumulation may lead to digester failure. This study aimed to
INTRODUCTION
Anaerobic digestion (AD) is a well-accepted technology for simultaneous organic waste management and renewable energy production. Despite these benefits, poor operational stability still prevents AD process from being widely applied, especially when wastes rich in protein or other organic nitrogen compounds, such as food waste, manure, fermentation industry residues or fish processing residues, are used as feedstock. This stability problem is mainly caused by ammonia inhibition and volatile fatty acid (VFA) accumulation. [1] [2] [3] [4] [5] [6] Although ammonia is an important buffer in the AD process and the nitrogen it provides is an essential nutrient for microorganisms, at high concentrations it is one of the most common inhibitors encountered during anaerobic digestion. The same as organic overloading, the presence of ammonia is a common reason for accumulation of VFAs, which at high concentrations can cause the deterioration of digester performance. 7, 8 The accumulation of propionate, together with high acetate concentration, is considered to be the major problem in digesters with high ammonia concentrations. 9 A wide range of inhibiting ammonia concentrations have been reported in the literature, ranging from 1.7 to 14 g-N L -1 , 10 or even as high as 19 g-N L -1 , 11 which cause a 50% reduction in methane production. The wide range of inhibitory ammonia concentrations are considered to be affected by pH, temperature, substrates, inocula, acclimation periods and solids retention time. 12 The impact of ammonia concentration on the acetate degradation pathway is of great interest, which has been studied based on microbial community structure and predominant methanogenic pathway in anaerobic digesters exposed to different ammonia concentrations. [13] [14] [15] One suggested reason for this impact is that different microbial groups have different concentration thresholds of ammonia toxicity on their microbial activity or cell growth. 16, 17 For example, many studies on microbial population diversity of anaerobic digestion systems revealed that syntrophic acetate degradation via acetate oxidizers converting acetate to H 2 /CO 2 and hydrogenotrophic methanogens dominated over acetoclastic methanogenesis under ammonia stress conditions, [18] [19] [20] [21] while the opposite has also been observed. 22 The synergetic stress from acetic acid and ammonia was also studied and it was concluded that the combined effect resulted in different inhibition for acetoclastic and hydrogenotrophic methanogenesis and syntrophic acetate oxidation, leading to dominant pathway shift differently depending on acetate concentration and ammonium level.
14 Compared with acetic acid, propionic acid shows greater inhibitory effect on microbial biomass and high concentrations of this VFA species usually cause severe problems in AD processes. 23 Although alternative pathways exist, 24 the syntrophic propionic acid degradation to acetic acid and hydrogen by acetogens coupled with acetic acid and hydrogen removal via methanogenesis is believed to be the major route for its degradation in digesters with low sulphate content. 25 This dominant propionic acid oxidation pathway, however, is the most thermodynamically unfavourable reaction for VFA degradation, and occurs only when the partial pressure of hydrogen is low, at 10 Pa. 26, 27 Considering the double stress from both high concentrations of propionate and ammonia encountered during the high-rate organic nitrogen-rich wastes digestion process, the effect of ammonia on propionate degrading needs further investigation, especially for continuous reactors.
The inhibitory effect of either propionic acid or ammonia has usually been studied separately, [28] [29] [30] while their combined effect on microbial community structure and pathway shift is less well addressed. Therefore, this study aimed to investigate the impact of ammonia on propionate degradation, methane production, microbial populations and methanogenic pathways during continuous anaerobic digestion using propionate as feedstock.
MATERIAL AND METHODS

Inoculum
The inoculum was taken from an anaerobic digester treating biosolids (Millbrook Wastewater Treatment works, Southampton, UK). The time between collection and inoculation was 1 day during which the biosolids digestate was maintained at 37℃. Before use it was sieved through a 1 mm mesh to remove grit and other solids.
Experimental set-up
The experiment was carried out in two 2 L CSTR-type reactors, R1 and R2, with 1. 31 The composition of nutrient medium solution for reactor 2 (R2) was the same as that for reactor 1, except that ammonium chloride concentration was increased to maintain the concentration of total ammonia nitrogen (TAN) in R2 at 2.5 g-N L -1 . The pH of the feed solution was maintained at 7.5 using HCl
(1 mol L -1 ) for pH adjustment. Gas sampling bags (Tedlar, SKC Ltd, UK) were used to collect biogas produced.
Analytical methods
Total solids (TS) and volatile solids 32 were determined using a Varian star 3400 CX Gas Chromatograph, calibrated with a mixed gas standard of 65% (v/v) CH 4 and 35% (v/v) CO 2 . Hydrogen (H 2 ) was analyzed by Varian CP-3800 Gas Chromatograph using 1% of H 2 for calibration.
Metagenomic DNA isolation and amplification
DNA extraction was performed using the Fast DNA SPIN Kit for Soil (QBIOgene Inc., Carlsbad, CA, USA), according to the manufacturer's instructions. DNA quality was assessed using gel electrophoresis (1% agarose) and DNA concentrations were determined using a Qubit
Fluorometer (Thermo, USA).
The extracted DNA sample was then handled according to the protocol of the genomic DNA sample preparation kit (Illumina). The DNA fragmentation was firstly performed using Covaris S2
Ultrasonicator, and the DNA fragments were then processed by end reparation, A-tailing, adapter ligation, DNA size-selection. PCR reaction and products purification based on Illumina Miseq2×300 instructions. For archaea, the 16S rRNA genes were amplified through three rounds of PCR. The primers for the first round were 340F (5'-CCCTAYGGGGYGCASCAG-3') and 1000R (5'-GGCCATGCACYWCYTCTC-3'). Then the PCR products were used as templates for a second PCR with 349F (5'-CCCTACACGACGCTCTTCCGATCTN (barcode) GYGCASCA GKCGMGAAW-3') and 806R (5'-GACTGGAGTTCCTTGGCACCCGAGAATTCCAGGACTA CVSGGGTATCTAAT-3'), and the third round PCR amplified with Illumina Nested primers. The bacteria 16S rRNA genes were amplified through two rounds of PCR. First, using 341F (5'-CCCTACACGACGCTCTTCCGATCTG (barcode) CCTACGGGNGGCWGCAG -3') and 805R
(5'-GACTGGAGTTCCTTGGCACCCGAGAATTCCAGACTACHVGGGTATCTAATCC3').
The PCR products were then used as templates for a second PCR with Illumina Nested primers.
Whole genome pyrosequencing analysis
For sequencing, a library consisting of approximate 170 bp fragments was constructed. The base-calling pipeline (version Illumina Pipeline-0.3) was used to process the raw fluorescence images and call sequences, and a sequencing depth of 3.0 Gb reads was applied for the sample metagenomic datasets. The metagenomic reads were trimmed using two criteria, i.e. a minimum quality score of 30 and a minimum read length of 35 bp, and ambiguous nucleotides were not accepted. The two criteria adopted for overlapping were: (1) at least 20 nt length of the overlap region was required, and (2) 
RESULTS and DISCUSSION
Digestion performance and mass balance with 5% remaining when it was terminated (day 66). The average methane percentage of R1 was 77%, higher than 72% of R2, while carbon dioxide percentage of R2 was slightly higher than that of R1. No hydrogen was detected in both reactors. Although R2 had higher TAN concentration, pH of R1 was higher than that of R2 due to the persistent high VFA concentration in R2. The same reason applied to the lower ratio of IA to PA in R1 compared to that of R2.
The mass balance was conducted based on the average value of each HRT (The average performance characteristics were calculated with statistical analysis) as shown in Table 1 .
Propionic acid degradation rate of R1 was above 91% during each HRT. The methane recovery rate from HPr input was above 70% except in HRT 3 when HAc was accumulating. In R2, the propionic acid degradation rate kept decreasing from 100% at HRT 1 to 53% at HRT 4 under ammonia stress, and as a result the methane recovery rate declined (from 86%-11%)
simultaneously if it was calculated from the total propionate input. The methane recovery rate, however, from the degraded propionate in R2 during four HRTs was much higher due to no clear , hydraulic and solid retention time 15 days, and total ammonia nitrogen 2.5 g L -1 . It is apparent that ammonia inhibited the phase of propionate oxidizing directly in R2 because the propionate accumulated over the experimental period, whereas the acetate produced from propionate degradation seemed to be converted to biogas promptly. Although the inhibitory effect of ammonia is often demonstrated to mainly influence the phase of methanogenesis, 34, 35 propionic acid was observed as one of the dominant VFAs accumulated during ammonia stress in digesters fed with protein rich materials. 36 The different dominant VFA species is thought to be related to the loading rate and how much propionic acid was produced as intermediate product, along with other operational and environmental parameters.
Microbial community structure
For a better understanding of the microbial community structure of the bioreactors, the domains of Bacteria and Archaea have been analyzed at different taxonomic levels using high-throughput sequencing analysis. Analyses were carried out at day 0, day 60 and day 120 for R1 and day 0, day 30 and day 60 for R2.
Archaeal community shifts
For Archaeal community structure shifts in both reactors, the relative abundance of archaeal 16S rRNA gene at the order and genus levels is shown in Fig. 2 . For the biomass of R1, a significant difference was found for the dominant order during the whole experimental period ( Fig.   2(A) ). The relative abundance of Methanosarcinales increased from 54% in raw sludge to 90% on day 60 and up to more than 99% on day 120. However, the members of Methanomicrobiales decreased from 39% to 9% on day 60 and less than 1% on day 120. It indicates that the groups of
Methanosarcinales were responsible for methane production from propionate without ammonia stress. Methanosarcinales is the only order that could mediate methane production from acetate. 37 Methanosaeta are strict acetoclastic methanogens, which was found to be the main genus found in the order (Fig. 2(B) ). For the biomass of R2, Methanosarcinales and Methanomicrobiales were the two dominant orders among all samples tested. The predominant orders shifted in the opposite way compared with R1. The relative abundance of Methanosarcinales reduced from 54% to 44%, and the Methanomicrobiales increased from 39% to 54% due to the exposure to ammonia.
Methanomicrobiales, being a group of hydrogenotrophic methanogens, are known to have higher tolerance to ammonia. 28, 38 It should also be noted that the dominant genus in the order
Methanomicrobiales changed during the course of the experiment (Fig. 2(B) ). The members of genus Methanospirillum increased from 9% to 38%, indicating they tolerated ammonia and grew better than Methanosphaerula. Methanospirillum were also found to be dominant groups in the reactors containing nitrogen-rich manure.
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Bacterial community shifts
More than 20000 bacterial reads for each sample were obtained, and the number of operational taxonomic units (OTUs) per sample ranged from 262 to 387. Proteobacteria (28-65%) and Firmicutes (19-50%) were identified as the two most dominant phyla in all samples ( Fig.   3(A) ). In addition, sequences belonging to Chlorflexi, Bacteroidetes, Synergistetes, Actinobacteria and 24 other phyla were detected in some of the samples, but at low occurrence (below 13% for each sample). The abundance of Proteobacteria increased in both reactors during the entire digestion process no matter if ammonia was intentionally overdosed or not. In contrast to
Proteobacteria, Firmicutes increased in R1 (without ammonia stress) from 34% to 50% but decreased in R2 (with ammonia stress) from 34% to 19%. These results suggest that the bacteria belonging to Firmicutes were more sensitive to ammonia than Proteobacteria, although
Firmicutes can produce endospores which can resist dehydration and extreme environments even at high VFA and ammonia. 40 Within the Proteobacteria, the main class shifted from Gammaproteobacteria on day 0 to
Betaproteobacteria at the end of the experiment in both reactors (Fig. 3(B) ). This was in line with other observations 41 where Betaproteobacteria was also found to be the most dominant group in propionate-, butyrate-and acetate-utilizing microbial communities.
Within Firmicutes phylum, Clostridia were the dominant class in R1 which increased from 27% on day 0 to 53% on day 120. In contrast, Clostridia lost its dominant position and its percentage decreased from 27% to 9% in R2, and the sequences belonging to the classes Bacilli instead increased. Clostridia are well-known in fermenters associated with a high rate of hydrolysis and VFA fermentation. Clostridiaceae was the dominant family within class Clostridia in R1, which were identified to live in a syntrophic relationship with methanogenic Archaea when degrading long chain fatty acids (LCFA). 8 These microorganisms are commonly proton-reducing acetogenic bacteria that require syntrophic interaction with H 2 -utilizing methanogens and acetoclastic methanogens. 42, 43 Although there was no direct evidence shown that members of Clostridia were capable of propionate degrading, the abundance difference of Clostridia between R1 day 120 and R2 day 60 indicted that Clostridia might have a function closely related to syntrophic propionate degradation.
In addition, it should be noted that Proteobacteria and Firmicutes have been repeatedly reported as the main phyla in various anaerobic digesters fed with complex substrates such as cattle manure, sludge or straw and cow manure. [44] [45] [46] The sole carbon source in this study was propionate which was much simpler than in these studies. The diversity of microbes was greater than expected. The contributions of the various microbes and their relevance to propionate fermentation still could not be clearly worked out, although it is plausible that they played a role of endogenous digestion of biomass in reactors.
Functional groups for propionate degradation
Based on the results of high throughput sequence reads, a summary of the propionate-oxidizing bacteria (POB) and methanogens in biomass of both reactors is provided in Table 2 . According to previous study, 47 the sequences from all samples affiliated to 13 genera with the ability of propionate utilization, covering propionate degrading syntrophs and non-syntrophs, but with a low relative abundance (below 2% of all the bacteria for each sample). Previously identified as specific syntrophic LCFA degrading bacteria, 48 Syntrophomonas groups were dominant propionate-oxidizing bacteria in the inoculum, but their percentage decreased dramatically in both digesters. In the later stage of both reactors, Syntrophobacter groups, as sulfate reducers, are capable of degrading propionate in syntrophic association with methanogens, were the main propionate oxidizers. The role of Syntrophobacter was investigated in the past, for instance one study reported a correlation between increase of Syntrophobacter species and the degradation of propionate. 49 The genera of Smithella, Syntrophorhabdus, Syntrophus, Desulforhabdus and Desulfonispora were detected only in the biomass with ammonia stress (R2).
A relatively high proportion (59%) of sequences was identified to genus Desulfobulbus on day 60 in R2. Desulfobulbus is a genus that grows with propionate and sulfate, but it was not able to grow with propionate in syntrophy with methanogens. 47 For methanogens, methanogenic archaea detected in the inoculum of both reactors were mainly Methanosaeta, Methanosphaerula and Methanospirillum. The relative abundance of genus Methanosaeta increased by 67% in R1 (from 54% to 90%) but decreased by 19% in R2 with ammonia stress (from 54% to 44%) throughout the process of propionate degradation. In contrast, although the genus Methanospirillum belonging to the order Methanomicrobiales was negligible over the experimental period in R1 (from 9% to <1%), it increased by 320% in R2 with ammonia stress (from 9% to 38%). These results tended to confirm the previous studies that Methanosaeta, which is an exclusive acetoclastic methanogen, was more vulnerable to ammonia than hydrogenotrophic methanogen. 11 Genus Methanospirillumis, a hydrogenotrophic methanogen that uses H 2 /CO 2 and formate as substrate, was reported to be a syntrophic partner of Syntrophobacter, Syntrophomonas, Smithella and Pelotomaculum in degrading propionate. 50 The opposite shift of acetoclastic methanogens and hydrogenotrophic methanogens in R1 and R2 suggests again that acetoclastic methanogenesis dominated over hydrogenotrophic methanogenesis without ammonia stress, however, hydrogenotrophic methanogenesis coupled with acetoclastic methanogenesis was the main metabolic pathway under ammonia stress conditions.
According to Equation (1) propionic acid converted to butyric and acetic acid).
CONCLUSION
Results obtained from this study demonstrated that the ammonia inhibitory effect had stronger impact on propionate degradation than methanogenesis in a propionate-fed digester.
The direct inhibition of ammonia on propionate oxidizing phase resulting in low efficiency of propionate conversion was the main reason for poor digestion performance. The loss of populations of Clostridiaceae and Syntrophobacter was responsible for the dropping propionate degradation and lower methane production under ammonia stress condition. The finding of rich bacterial diversity underlines that the micro-ecology in anaerobic digestion is much more complex than expected, even when fed with a sample substrate: this needs more study to better appreciate complex microbial networks. Acetoclastic methanogens dominated over hydrogenotrophic methanogens without ammonia stress in this research, while hydrogenotrophic methanogens, which were more tolerance to ammonia, coupled with acetoclastic methanogens were the main methanogenic archaea under ammonia stress conditions. a: The relative abundance accounts for total propionate-oxidizing bacteria in each sample.
b: The relative abundance accounts for all bacteria in each sample.
c: The relative abundance accounts for archaea in each sample.
